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Elec troexcitat ion of U between 5 and 40 MeV was accom-
plished using 87.5 MeV electrons. Data were recorded at
scattering angles of 45°, 60°, 75° and 90° and an analysis
was made using DWBA calculations and the hydrodynamic model.
The results agree with the known positions, widths and cross
sections of the Giant Dipole Resonances at E x = 10.9 MeV and
14.0 MeV thus confirming the validity of our evaluation method
In addition, isoscalar and isovector E2 resonances and an iso-
vector E3 resonance were found at 9.9 MeV (V = 2.9), 21.5 MeV
(T = 4.9) and 28.4 MeV (Y = 8.1), exhausting 39%, 50% and
88% of the respective EWSR. Although isospin cannot be deter-
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INTRODUCTION
From the late 1930's until the present, photonuclear
reactions have been used to study nuclear structure. Several
2 3 8
groups have investigated U with this method. These in-
clude Bar-noy and Moreh (BarM 74) and Gurevich, et al.
(GurL 76) who employed bremss trahlung beams and Veyssiere,
et al. (VeyB 73) and Caldwell, et al. (CalD 76) who used
monochromatic photons. The four above research groups lo-
cated the maxima of the two Giant Dipole Resonance (GDR)
2 3 8branches in U at excitation energies of about 10.9 MeV
and 14.0 MeV.
238Lewis and Horen (LewH 74) measured U (p,p'). A
"bump-like" resonance was found in the 10-13 MeV excitation
energy range which was interpreted as a quadrupole resonance.
Approximately 85% of the isoscalar sum rule was exhausted in
this measurement.
Wolynec, Martins and Moscati (WolM 76) have used the
o o Q O O /
U (e,e'a) Th reaction to investigate the Giant Quadru-
pole Resonance (GQR) . Approximately 50% of the isoscalar
energy-weighted sum rule (EWSR) was exhausted by a Breit-
Wigner shaped resonance at 8.9 MeV with T = 3.7 MeV.
Inelastic electron scattering was not used to identify
and locate Giant Resonances in medium and heavy nuclei until
about 1970, when both Magnetic Dipole and Electric Quadrupole
Giant Resonances were identified in N = 82 nuclei (PitW 71).
Since that time several (e,e') groups have been investigating

nuclei of interest. This experiment is the first investiga-






U was the target of 87.5 MeV electrons from the Naval
Postgraduate School 120 MeV Linear Accelerator. Data were
collected at constant incident electron beam energy and at
scattering angles from 45° to 90° in 15° increments, thus
using the variation of the momentum transfer with angle to
investigate Giant Resonances. A wider spread of angles was
not necessary because the maxima of El to E4 form factors
were included within this range (Figure 1 and 2). The eval-
uation of backward angles was not a part of this experiment,
therefore magnetic transitions were not observed.
238Samples of 99.9% enriched U were obtained from Ven-
tron Corp. and Research Organic /Inorganic Corp. and rolled
to 0.004 inches for the 90° scattering angle, 0.002 inches
for the 75° and 60° scattering angles and 0.001 inches for
the 45° scattering angle. Using the three different target
thicknesses made it possible to optimize count rate while
achieving the required statistical accuracy. A summary of
experimental parameters is listed in Table I. The general
arrangement of the NPS linear accelerator is described by





Nuclei exhibit a shell structure in the approximation of
independent particle motion. When a nucleus is struck by an
outside particle, one of the nucleons is excited into a higher
level, leaving a hole in the shell of the nucleus. If there is
enough energy in the collision, the target nucleon may be re-
moved from the nucleus altogether. The final states resulting
from this excitation are generally particle-unstable and
broadened so individual states often cannot be seen. Since the
cross section for the photon excitation of these states is
large, they were called Giant Dipole Resonances.
In a single particle excitation, the energy of the Giant
Quadrupole Resonance (GQR) should be 2fia) (i.e., A n =2 in the
shell model); but the strong collective nature of the resonance
implies that many nucleons are excited and find themselves in
a distorted potential produced by the now partly empty shells.
This lowers the resonance energy by a factor of y2 or
E




In addition to the above isoscalar resonance, experiments show,
and theory predicts, an isovector E2 resonance at higher energy,
-1/3
namely 130A ' MeV CBohM 75).
A similar picture is gradually evolving for the Giant Octu-
pole Resonance, but due to the fact that in this case lHu) and
o
3fiu) transitions are allowed by the shell model, the situation
o '
is more complex. Generally it appears that those occurring at
lower energies are isoscalar (AT=0) excitations which corres-
pond to the collective motion of neutrons and protons in phase
12

with each other. At higher energies the isovector (AT=1) states
appear because of the out-of-phase movement of neutron and pro-
tons (BohM 75)
.
Another way to explain the same phenomenon is similar to
the theory of semiconductors. There is an interaction between
the particle and the hole. This particle-hole interaction is
attractive for isoscalar and repulsive for isovector states.
For E2 excitations it thus raises the latter state to about
-1/3130A MeV and lowers the former type of resonance from about
80A MeV expected from the shell model to about 60A MeV
as predicted by Bohr and Mottelson (BohM 75).
B. ELECTRON SCATTERING
Electron scattering has distinct advantages over photonu-
clear reactions and Coulomb excitation by heavy, charged parti-
cles. In photonuclear reactions, where the photon is absorbed
in the nucleus, the amount of the momentum transfer is propor-
tional to the energy of the photon by
E = pc = hu).
Photon absorption excites predominantly the El transitions.
Usually only the (2f,n) channel is measured. For a fissionable
O T Q
nucleus, such as U, the (2f, fission) cross section is large
while the ( 2T» P ) cross section is small due to the Coulomb bar-
rier. In this case, the total photonuclear cross section is
assumed to be the summation of the (%,n) and the (^r, fission)
cross sections. Electron scattering is more informative than
the photonuclear reactions partly because all reaction channels
are used, and also due to the ability to vary the momentum, q,
transferred to the nucleus for a given constant excitation
energy, E
,
This allows one to excite mul
t
ipolari t ies other
13

than El. Coulomb excitation by the electric field of incident,
heavy charged particles does not noticeably excite magnetic tran-
sitions, but these can be excited by (e,e') at backward angles.
For elastic scattering by any nucleus, the magnitude of the
2k k cos 0) ,






where k and k ? are the incident and scattered electron momen-
tum respectively and 9 is the scattering angle. For incident
and scattered electron energies that are much greater than the
electron rest mass, the momentum transfer simplifies to
q = 4k k sin y .
By varying the scattering angle, various values of momentum
transfer are achieved.
The cross section for elastic electron scattering in the








where p(r) is the nuclear charge density as a function of the
radius vector from the center of the nucleus and q is the momen-
tum transfer vector. The expression under the integral is
called the form factor and contains all the information concern-
ing the nuclear structure. The Mott cross section for a rela-








where E . is the incident electron energy.
Electrons are inelas tically scattered if they lose energy
due to the excitations of transitions from the ground state of
the nucleus to an excited state. The form for the inelastic
14

scattering cross section has both longitudinal and transverse
parameters (IsaB 63) and is far more complicated than that for
elastic scattering.
In the plane wave Born approximation, the differential in-
elastic cross section is the sum over the separate electric
and magnetic multipole transition cross sections (The 72)
^
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and the magnetic multipole terms by
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For these equations
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X
k E /"he ,
o o >
1 + "he (k /M c
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A = transition mult ipolar i ty
,
a = fine structure constant,
E = primary electron energy,
o
= scattering angle,
M = nuclear mass.
R is a factor which accounts for the recoil of the nucleus.
The (four vector) nuclear current density is divided into
two components which are parallel
;
(V (9), and perpendicular,
V (9), to the momentum transfer (three vector) q:
v «» - i ( cos , 9/2 )
L 4
sin 4 9/2 '






V (9) corresponds to the electron interacting with the
Li
nuclear charge and V (9) involves the nuclear current and
magnetization density contributions. The current, charge
and magnetization densities are the matrix elements of
the respective transition operators between initial and final
nuclear states (The 72). These operators in turn are used
to obtain the reduced transition probabilities (B-values).
16

The theoretical form factor can be computed by the Born
approximation, which is good for light nuclei, in which the
incident and scattered electron wave functions are assumed
to be plane waves. As the Z of the nucleus increases, the
Coulomb field surrounding the nucleus distorts the incident
and scattered electron wave functions requiring the use of
the distorted wave Born approximation. The distorted waves
are calculated by solving the Dirac equstion numerically with
a computer program (TuaW 68).
The experimental cross sections for various values of
momentum transfer are compared to the DWBA cross sections
calculated with the Go ldhab er-Teller model. The multipol-
arity assignment of the resonance is based on the DWBA curve
which best compares with the experimental cross sections.
In the limit as q > k = E /He (the so-called photon point),
B(EX,q) and B(MX,q) become the reduced matrix elements for
y transitions. Electron scattering mostly uses the B-values
at q = 0, which are
BCEX) = C2X+D [Jr
2
Y XM p tr
(r) d T ] ,
->-
where Ya is the spherical harmonic function and p (r) isX M tr
the transition charge density (ZieP 68).
The square of the form factor is related to the reduced
transition probability B(EX) by
n 2
B(EX) = F CjJ I EXP
F (q2)l DWBA




Nuclei have a tendency towards achieving and maintaining
closed shells; spherical shape occurs with a closed shell.
By adding several nucleons outside the closed shells, the
spherical stability is altered and the nucleus becomes a
prolate spheroid. Deformation increases until the next shell
becomes half-filled, then the spheroids become less prolate
until spherical symmetry returns when the next shell is filled
During this process there is a force associated with the
Coulomb energy of the charged sphere (closed shell) which
resists deformation caused by the outside nucleons. There
are also pairing forces between two nucleons which cause
coupling of the angular momentum and result in a total angu-
lar momentum for the pair equal to zero.
One can imagine the closed shell nucleus as a charged
sphere with an inpenetrable but deformable surface membrane.
As two protons are added outside the closed shell it would be
reasonable to assume the two would migrate to opposite sides
of the sphere due to the Coulomb repulsion. This would result
in a small deformation of the overall spherical configuration.
With the pairing force between the nucleons, the two protons
couple together with a total angular momentum equal to zero.
This coupling is more effective in spherical nuclei than in
those that are deformed. At small deformations, the pairing
force will strongly tend to restore spherical symmetry; but
at large deformations, there is very little effect (Szy 70).
18

Deformation of nuclei shows up clearly in Giant Resonance
research. The Giant Dipole state of the nucleus splits be-
cause a nuclear vibration along the short axis has a higher
frequency, and one in the direction of the long axis has a
lower frequency. Due to the increasing number of sublevels,
the splitting is not noticeable for multipole resonances
higher than the GDR, but a broadening has been observed (MooB
76). Bohr and Mottelson (BohM 75) state that the GDR split-
ting is proportional to the deformation of the nucleus by
(E)" 1 [E(v-l) - E(V=0)] ~ ^|,
where (E) is the mean resonance energy and AR is the
difference between the principal axes of the nucleus. The
v = term represents oscillations in the direction of the
nuclear symmetry axis and v = 1 is associated with oscilla-
tions in the two perpendicular directions. Danos (Dan 58)
gives the relation between the energies, E and E , of the
a b
splitting of the GDR as
^ = 0.9H a + °- 089 -
a
where a and b are the lengths of the long and short axes of
the deformed spheroid. He also gives the relationship be-
tween the reduced transition probabilities (B) of the long
and short axis resonances as 1:2. This ratio has been proven





Goldhaber and Teller (GolT 48), who gave a theoretical
description of the GDR (see also Mig 44), discuss three
alternative models for the Giant Dipole Resonance:
1. The force which displaces a proton from its average
position in the nucleus is proportional to the displacement.
This force will be the same for all nuclei and for every
proton in the nucleus. In this model, the GDR has the same
excitation energy in every nucleus.
2. Motion of neutrons and protons in the nucleus causes
a change in density of the neutron and proton fluids with a
restoring force proportional to the gradient of these den-
sities. The excitation energy (E = Hco) of the GDR, which
varies as the square root of the restoring force, is propor-
tional to A
3. The neutrons and protons are assumed to behave as
two interpenetrating fluids with a restoring force propor-
tional to the surface area. The excitation energy is propor-
— 1/6
tional to the square root of the force, or A
The second model was expanded in greater detail by





In model three, Goldhaber and Teller assume a charge density
p Qr) of the ground state was rigidly displaced and the
total charge density could be expressed as




if the displacement vector, d, between the centers of the
neutron and protons spheres were small. The transition





P Cr) = C GT r [ ] .
tr dr
Uberall (Ube 71), in his generalization of the hydro-
dynanic model, assumes the nucleus to consist of four inter-
penetrating fluids, neutrons with spin up (n^), neutrons
with spin down (n4-), and likewise with protons (pf), (p4-).
Oscillation of any two of these fluids 180° in or out of
phase against the other two gives rise to four possible col-
lec tive modes .
1. (pt,p4-) against (nf,n|) , the isospin or Goldhaber-
Teller mode (i).
2. (p+,nt) against (p4-,n+), the spin-wave mode (s).
3. (p+,n+) against (p+,nt), the spin-isospin mode (si).
A. All four fluids oscillating in phase . This produces
a compressional oscillation called a breathing mode. In
this experiment, only the Goldhaber-Teller model was con-
sidered for the El transitions.
The elastic scattering cross sections were computed with
a phase shift program (FisR 64) assuming a Fermi charge







where P is a normalization density, c is the half density
radius, t is the skin or surface thickness and r is the
21

nuclear radial coordinate. The half density radius is the
distance from the center of the nucleus to the point where
the density has been reduced to one-half maximum value. The
skin thickness is measured between the 10% and 90% points of
charge distribution. The values c = 6.805 fm and t = 2.66
fm were taken from the compilation of DeJager, DeVries and
DeVries (DeJD 74). The parameterization into c and tv tr tr
of Ziegler and Peterson (ZieP 68) was used for the inelastic
calculations. Table 2 is the summary of all c and t
tr tr
values used for the inelastic transition densities in this
work. Values of c /c different from 1.0 were used for the
tr
GDR corresponding to the long and short axes of the deformed
uranium nucleus, which were calculated using Danos ' formula
(Dan 58). The deformed nucleus is treated as two spheres
with radii equal to that of the short (a) and long (b) axes
of the ellipsoid. The so-called equivalent radius r ,is
1 eq '
defined as the radius of the sphere which has the same volume
as this ellipsoid. The c were calculated by multiplying
the ground state charge density parameter c with the ratio
of a/r and b/r , respectively; t was assumed not to









^ I Q i \ >l2 CEN-E o )=| <ii, o [Q siH|a |¥q > (Irv 72)
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is valid for any Hermetian operator Q. For (e,e'), the
energy-weighted sum rule is especially useful because it
depends mainly on the known nuclear charge distribution in
the ground state and is insensitive to nucleonic correlations
which are strongly model dependent (NatN 66). From this
basic definition, various sum rules have been used for elec-
tric and magnetic multipole resonance analysis.












2 A — ?
was used, where M is the mass of the proton and <r " > the
P
moment ground state charge distribution of the nucleus. This
sum rule does not consider interference terms between iso-
scalar and isovector excitations. For the isovector reson-
ances of A>1, the sum rule is
S(EA,AT = 1) = S(EA,AT = 0) (|)
.







87TM ( A } (WarW 69)
2 O Q
Table IV gives the energy-weighted sum rules for U calcu-
2 H 4 h
lated with <R > =5.730 fm and <R > = 6.124 fm , which
in turn were calculated by numerical integration of the




87.5 MeV electrons were scattered at 45° to 90° scatter-
2 38ing angles by self-supporting U foils using the NPS 120
MeV LINAC. The targets were positioned to bisect the scat-
tering angle so that the path length of the electrons in
the target was at a minimum. The transmission mode was used
in order that all the electrons traveled the same path length
to reduce line broadening or energy straggling due to ioniza-
tion. After scattering, the electrons were analyzed in a
16" magnetic spectrometer with a counting system consisting
of 10 scintillation counters linearly arranged in the focal
plane to cover a 3% momentum range. Table II summarizes
basic target and counting system parameters for each run.
Data were read from the counting system through an Altair
8800 microcomputer onto a magnetic tape compatible with the
IBM 360/67 Computer.
The spectrometer energy was decremented in 0.1 MeV steps.
The summation of data from all counters resulted in an elas-
tic and an inelastic scattering spectrum. The latter was
analyzed from 5 to 40 MeV excitation energy with a least
squares fit program using Breit-Wigner type resonances.
Incorporated into this analysis is the evaluation of the
background included in the inelastic spectrum. A large part
of this background is the elastic radiation tail which is
caused by photon emission before, during and after the scat-
tering event, plus energy straggling and ionization. In this
24

experiment, the radiation tail was calculated using the form-
ulation, in the Born approximation, of Ginsberg and Pratt
(GinP 64), and substituting the actual elastic cross section,
based on the phase shift calculation of Fischer and Rawitscher
(FisR 64). Along with the radiation tail, general room back-
ground, measured with the "target out," and electrons scattered
by the target and subsequently scattered by the spectrometer
walls, form the total background of the inelastic spectra.
The total background was described as a function of the
energy (E f ) of the outgoing electron. Two different background
functions were used:
GR (E ) = P. + P_ Cl/E.) + P, • RT










- E') + P
3
' RT,
where the P. are the fitting parameters, E' is the energy cen-
ter of the fitting range and RT is the radiation tail. There
was virtually no difference between the results obtained using
the two functions. The second function was used in the final
analysis of all spectra.
There are three alternate criteria for placement of a
resonance in the spectrum; (1) the observation of the reson-
ance peaking above the flat expanse of the radiation tail and
background, (2) the knowledge of resonances found by photo-
nuclear and photofission experiments (BarM 74, GurL 76, VeyB
73, WolM 76), (3) the necessity to add a resonance to achieve
a consistent overall fit. In the case of uranium, it is dif-
ficult to use the first criterion above for reasonable
25

placement. With electron scattering by heavy nuclei, very
few of the collective states are visible to the naked eye in
the spectrum, uncorrected for background radiation. It is
only after the subtraction of the elastic peak radiation tail
and other radiation due to Bremss trahlung that the spectrum
begins to exhibit the structure of the Giant Multipole Reson-
ances. All lines were fitted using the Breit-Wigner line
form. This line form was used instead of the Lorentz or
Gaussian line forms because it was found to better fit photo-
nuclear data by Gordon (Gor 75).
A very large structure was first observed at 45° at the
excitation energy of 6.2 MeV with a full width half maximum
(D of 4.5 MeV. So unusual was this position and strength
that the other angles, as well as older data from both
spherical and deformed nuclei, were investigated and a special
12
run was done with C. Through analysis of these results, it
was determined that the spectrometer itself was causing a
pseudo-resonance (ghost peak). The elastically scattered
electrons hit the spectrometer wall at a magnetic field of
92% of that corresponding to the elastic line, enhancing the
coincidence count rate. The exact position, width and
approximate line shape were determined from the well known
12
C spectrum. Although the line shape appears to be complex,
a Breit-Wigner shape fits closely. The area was a constant
fraction of the elastic peak (~.015). This was large enough
to envelop any possible collective states from 3.5 MeV to
26

8.5 MeV excitation energy and made it difficult to evaluate
the lower end of the spectrum.
The analysis of the data followed a basic procedure
which started with the aforementioned reasons in attempting
to fit a resonance at a specific energy. A least squares
curve fitting program was used to evaluate the spectra num-
2
erically. A value of x (P er degree of freedom) of less
than 1.0 (expected value) indicated compatibility of back-
ground and the resonance energy, strength and width with the
data. Initially, photonuclear results for the GDR were in-
serted and kept constant. By physically sighting bumps in
the spectrum and with the knowledge of the smooth variation
of Giant Resonances with mass number from previous work
(PitB 74), other lines were inserted into the spectrum.
Once a line was inserted, excitation energy and full
width half maximum were held constant to reasonably expected
values and the curve fitting program gave the resulting tran-
2
sition strength (B) and x value. Continuous recycling of
the data, using various combinations of resonances, excitation
2
energies and values for full width half maximum, yielded x
values and transition strengths. The overall results of this
data analysis for each scattering angle are contained in
Table III.
The cross section of each of these resonances was plotted
versus momentum transfer and compared to the curves calcu-
lated for the DWBA program (TuaW 68) . The result was a des-
ignation of the mult ipolari ty of the resonance, as well as





The results of the curve fitting for each spectrum are
given in Table III. In Table IV, the various strengths ob-
served for each line are averaged. As mentioned earlier,
Breit-Wigner line shapes were used for all resonances.
Figures 3 through 6 show the inelastic spectrum for all
angles at which data were taken. They are corrected for the
constant dispersion of the magnetic spectrometer. From these
curves several features are noteworthy: (1) the spectrum
itself has very little noticeable structure; (2) radiation
tail and background are large and present some problem in
resonance evaluation; (3) the radiation tail decreases when
going from forward to backward angles. However, after sub-
traction of background (Figures 7 to 10), the variation of
resonance strength as momentum transfer increases from 45°
to 90° scattering angle can be seen.
Errors in cross section as shown in Figures 11 through
15 were based on the statistical errors. The errors of
excitation energy, width and B-values are best estimates
from the minimum and maximum values of the parameters which
2
would fit the spectrum, while still achieving a X of less
than 1.1.
B. THE ISOSCALAR GIANT QUADRUPOLE RESONANCE
Figure 11 shows that the resonance found at 9.88+0.21
MeV with a width of 2.88^o!38 MeV conforms to an E2 DWBA
28

cross section. Exhausting 39% of the energy-weighted sum
rule, it has a reduced transition probability of 3670±400
fm . Excitation, width and strength (Table V) are in agree-
ment with the (e,e',fl() measurements (WolM 76). It is not in
agreement with the excitation energy and strength from (p,p')
experiments (LewH 74). It certainly is possible that the
existence of the ghost resonance in this work could have
affected the position and width of this line, which has the
lowest excitation energy of those evaluated.
C. THE ISOVECTOR GIANT DIPOLE RESONANCE
As explained above, the GDR (AT = 1) is split into two
distinct resonances due to the deformation of the nucleus.
These two resonances were evaluated with the GT model using
two different transition charge distributions with radii
proportional to that of the long and short axes of the de-
formed nucleus.
The GDR associated with the long axis of the nucleus was
found to be at 10.77+0.25 MeV with Y= 3.2+0.4 MeV. As seen
in Table VI, this is a slightly lower energy than found in
either the (Y,n) results (VeyB 73, CalD 76, GurL 76) or the
(y,Y T ) experiment (BarM 74). The results of the past and
present work agree within the errors. The curve shown in
Figure 12 was normalized to the photonuclear (GurL 76) re-
2duced transition probability of 30.4 fm to show how well the
results compare with the known photonuclear information.
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Associated with the short axis' of the nucleus is the GDR
found at 13.94+0.24 MeV with T = 4.45l§.'33 MeV. Table VI
contains the resume of all work done with this resonance.
Figure 13, like Figure 12, is normalized to the photonuclear
2transition probability of Gurevich, et. aL
,
(40.9 fm )
(GurL 67). This agreement shows that the evaluation method
used is basically correct. The slightly lower excitation
energy may be due to the different dependence of the resonance
from the excitation energy in (y,n) and (e,e ? ) (Gor 75).
D. THE ISOVECTOR GIANT QUADRUPOLE RESONANCE
Although some work has been done on the isoscalar GQR
238
IT , , . .region m U, there has not been any investigation in the
20 - 40 MeV region. The experiments show an excitation
-1/3
energy of 21.55+0.60 MeV which agrees with the 130A MeV
rule found in both spherical (PitB 74) and deformed (MooB 76)
nuclei. The width of 4.95+0.55 MeV, but not the strength,
50+8% EWSR (Table IV), are expected from the trend of the
results in Pb (PitB 74) and Ho (MooB 76) . This reson-
ance was not seen in the 45° spectrum however the GQR should
be very small at 45°. This negative result is probably due
to the ghost peak. The line and arrow drawn in Figure 14
indicate the maximum cross section of the GQR that the curve
2fitting program would accept, maintaining X £l • .
E. THE ISOVECTOR GIANT OCTUPOLE RESONANCE
The E3 strength is more widely distributed and more diffi-
cult to locate than the quadrupole strength since the shell
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model allows both lhw and 3fito transitions for octupole
o o
excitations, but only 2fio) for quadrupole excitations. A
resonance comparing favorably with an E3 DWBA cross section
(Figure 15) was found at 28.4+1.20 MeV with T = 8.07+1.1 MeV
and exhausting 88+15% of the EWSR. This excitation energy
-1/3
corresponds to 176A MeV; thus, it is lower than the
-1/3195A MeV found in spherical heavy nuclei, but in quali-
1 ft 5
tative agreement with the corresponding resonance in Ho.
Based on its excitation energy, strength and angular distri-
bution (see discussion in Part III A, above), this resonance
should be classified as the 3n'co (AT=1) resonance.
F. OTHER STATES
The 45° and 90° spectra (Figures 7 and 10) of this report
show one other state which has not been identified or discussed
so far. At 17.0±1.8 MeV, a structure of 3.9+1.8 MeV wide is
-1/3indicated. Although the energy position of 106A MeV
closely compares to the isoscalar E3 resonance predicted by
the shell model (Ham 72), it does not follow the angular dis-
tribution for an E3 cross section. Further investigation is





The excitation energy range between 5 and 40 MeV was
2 3 8
measured in U and analyzed for Giant Resonance structure
in the continuum. The data are in principal agreement with
current experiments and microscopic and macroscopic theoreti-
cal considerations. Table IV is a compilation of the results
of this experiment.
The following results should be emphasized:
-1/3
1. In A units, the isovector E3 resonance at 28.4
-1/3(176A ) MeV has significantly lower excitation energy in
2 3 8
U than in previously reported spherical nuclei. In
197 208
Au and Pb , the resonance was found at 33.5 MeV and
-1/3
33 MeV respectively (PitB 74), following an 195A MeV
rule. Moore, et. al.
,
(MooB 76) reported the isovector E3
resonance at 34 MeV in Ho which would correspond to
_ i /
o
9 3 8 1 6 S
186A MeV. As both U and Ho are deformed nuclei,
it must be concluded that the deformation lowers the expected
excitation energy of the shell model.
2. The isoscalar E2 resonance has a lower excitation
2 3 8
energy than previously reported in U. In addition, only
39% of the isoscalar EWSR is exhausted.
3. Both parts of the isovector GDR, split due to
deformation, conform to the photonuclear data.
-1/3
4. The isovector GQR is in agreement with the 130A
MeV rule found from other nuclei. This resonance was seen
in all but the 45° spectrum; but even in the latter case
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the analysis would accept a line at the right energy, thus
giving an upper limit to the strength.
Future effort should be made in the energy region above
16 MeV to determine the nature of the structure at 17.0 MeV
Furthermore, at low energies, the ghost peak of the Naval
Postgraduate School Linear Accelerator dominated the spec-
trum such that little evaluation was possible below 8.5 MeV














45 48.13 90.0 - 82.0 85. 9-45.0
60 91.45 90.0 - 82.0 86.0 - 45.0
75 91.45 90.0 - 32.0 82.0 - 45.0










0.10 0.10 0.03 10.0 1.4X10" 9 1.4X10" 7
0.50 0.50 0.30 3.0 5.4X10" 9 2.1X10" 7
0.50 0.50 0.30 10.0 2.1X10" 8 7.1X10" 7














TABLE II. HALF DENSITY RADIUS AND SURFACE THICKNESS
Transition c t c. t.tr tr
El (long axis) 6.805 2.66 1.24 1.00
El (short axis) 6.805 2.66 0.90 1.00
E2 6.805 2.66 1.00 1.00
E3 6.805 2.66 1.00 1.00
E4 6.805 2.66 1.00 1.00
35

TABLE III. DATA ANALYSIS RESULTS
4 5 DEGREES
Energy Q Multipo- Form Factor B Value
(MeV) (fm' 1 ) larity
(EA)
Squared (fm )
9.77 0.325 E2 1.43X10" 4 3.19X10 3
10.72 0.327 El 1.34X10" 4 2.39X10 1
13.80 0.320 El 4.22X10" 4 5.27X101
17.10 0.318 — 7.76X10" 5
21.80 0.315 E2 1.29X10" 4 3.00X10 3
28.50 0.314 E3 4.06X10" 5 2.94X10 5
60 DEGREES
Energy Q Multipo- Form Factor B Value




9.87 0.422 E2 2.26X10" 4 4.44X10 3
10.72 0.420 El 1.09X10" 4 2.99X10 1
13.98 0.414 El. 3.49X10" 4 4.31X10 1
21.35 0.402 E2 1.83X10" 4 3.49X10 3
28.55 0.393 E3 2.47X10" 4 7.96X10 5
75 DEGREES
Energy








9.87 0.512 E2 1.21X10" 4 3.79X10 3
10.72 0.510 El 8.50X10" 5 2.74X10 1
14.08 0.501 El 1.94X10" 4 4.42X10 1
21.43 0.483 E2 1.43X10" 4 3.58X10 3





Energy Q Multipo- Form Factor B Value




10.02 0.587 E2 5.39X10" 5 3.27X10 3
10.92 0.584 El 7.64X10" 5 3.12X10 1
13.90 0.575 El 1.75X10" 4 5.66X10 1
17.10 0.564 — 5.36X10" 5
21.63 0.550 E2 1.07X10" 4 4.73X10 3
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TABLE V. COMPARISON OF GIANT QUADRUPOLE RESONANCES
Reference E (MeV) T(MeV) % EWSR Type of Reaction
LewH 74 10 - 13 85 (P/P 1 )
WolM 76 8.9 - 0.3 3.7 - 1.2 50 (e,e\«)
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.2 .3 .4 .5 .6 .7 .8
Momentum Transfer (fnrf*)
FIGURE 1.
Arbitrarily normalized DWBA cross sections for El to E4
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Momentum Transfer (fm"~*)
FIGURE 2.
DWBA cross section for El (long axis) and El (short axis)






























































































Inelastic (e,e') spectrum for 45°,



























Inelastic (e,e') spectrum for 60
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Inelastic (e,e') spectrum for 75




























Inelastic (e,e') spectrum for 90°,
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Momentum Transfer (fm~*)
FIGURE 11.
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Momentum Transfer (frrf*)
FIGURE 12.
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Momentum Transfer (fm~M
FIGURE 13.
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Momentum Transfer (frrf*)
FIGURE 14.
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Figure 1. DWBA cross sections for El to E4 transitions
divided by the Mo t t cross section. The
cross sections are based on the Goldhaber-
Teller model for a spherical nucleus with
the c,t values from Ref. (DeJD 74). All
curves are normalized to equalize the first
maxima
.
Figure 2. DWBA cross sections for the El transitions
associated with the long and short axes of
the 238u prolate spheroid.
Figure 3. Spectrum of 87.5 MeV electrons scattered
inelas t ically from 238y under 45°. Background
and radiation tail are included and the count
rate has been corrected for the constant
momentum dispersion of the magnetic spec-









Same as Figure 3 but for 60°.
Same as Figure 3 but for 75°.
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Same as Figure 7 but for 60
Same as Figure 7 but for 75
Same as Figure 7 but for 90
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Figure 11. Comparison of relative DWBA and experimental
cross sections for the resonance found at
9.9 MeV . This nicely fits the E2 DWBA cross
section but is definitely not an E3 resonance.
39% of the isoscalar E2 EWSR is exhausted.
Figure 12. Relative DWBA cross section for GDR long axis
(E = 10.8 MeV) is plotted as reported by
Gurevich, et. al. (GurL 76). The experimental
El results of this work fit exactly to the
photonuclear data. Also included for com-
parison is the E2 DWBA cross section.
Figure 13. Same as Figure 12 but for El short axis (E
x
=
13.9 MeV). Results of this work do not fit
the photonuclear data as well as the GDR long
axis, but they are very close. The point at
momentum transfer of .32 fm~l (45°) is being
affected by the ghost peak more than any of
the o thers
.
Figure 14. Relative DWBA cross sections using the
Goldhaber-Teller model as compared to the
resonance at 21.6 MeV with T = 5.0 MeV. The
point indicating 45° information (.31 fm~l)
is an upper limit to what the curve fitting
program would accept with y_^<1. Favoring an
E2 configuration over an E3, it exhausts 50%
of the isovector E2 EWSR.
Figure 15. Relative DWBA cross section using the Goldhaber-
Teller model for the structure at 28.4 MeV
with a width of 8.1 MeV. Once again, 45°
(.31 fm - -'-) is an upper limit to what would fit
into the spectrum. An E3 assignment is favored
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